Brain-derived neurotrophic factor (BDNF) plays an important role in neuroplasticity and neurogenesis following ischemic and non-ischemic brain injury. The predictive value of BDNF for short-term outcome after stroke is controversial. The objective of this study was to investigate the relationship among serum BDNF level, fractional anisotropy (FA), and functional outcome during post-acute stroke rehabilitation. Serum BDNF levels were measured on admission to an acute inpatient rehabilitation hospital. The primary functional outcome was functional independence measure (FIM) motor subscore at discharge. The secondary outcome measures were FIM total score at discharge, FIM motor subscore on admission, length of stay in the hospital, and discharge destination. We investigated the relationship among the level of serum BDNF and FA as well as functional outcome measures. Three hundred forty-eight consecutive stroke subjects were included in the analysis. Serum BDNF levels on admission were statistically but not clinically correlated with FIM motor subscore at discharge (r = 0.173, P = 0.001) and FIM total score at discharge (r = 0.155, P = 0.004). Receiver operating characteristic (ROC) analysis of BDNF as a predictor for FIM motor subscore improvement showed low accuracy of prediction with an area under the curve (AUC) of 0.581 (P = 0.026). Serum BDNF significantly correlated with FA in the high FIM motor group (n = 10, r = 0.609, P = 0.031) but not in the low FIM motor group (n = 11, r = − 0.132, P = 0.349). The serum BDNF level alone offers minimum predictive value for recovery of motor function during post-acute rehabilitation. Our findings suggest that serum BDNF level may be correlated with FA.
Introduction
Post-acute stroke rehabilitation is critical to stroke recovery. Understanding the individual biological recovery process may help to design personalized treatment and to improve outcomes. Serum biomarkers have been used widely across medical disciplines to provide guidance in rapid diagnosis, choice of treatment, and prognosis assessment. However, researchers have not yet found a serum biomarker of neurobiological recovery to guide treatment plans during the post-acute phase after stroke.
Neuroplasticity, which refers to the ability of the nervous system to respond and adapt to internal and external stimuli, is closely related to neurobiological recovery after stroke and especially to the recovery of motor function [1] . Brain-derived neurotrophic factor (BDNF) plays an important role in increasing neuroplasticity after stroke [2, 3] . BDNF regulates dendritic plasticity, increasing dendrite branching and interdendritic connections, and promoting the development and maturation of the nervous system [4] . The interaction between BDNF and tyrosine kinase receptor B (Trk B) upregulates genes essential for neuronal survival and differentiation and thereby contributes to promoting synaptic plasticity in learning and memory [5, 6] . Besides, BDNF Val66Met polymorphism was found to affect the fractional anisotropy (FA) values in healthy subjects and motor function in patients after stroke. Results from Kim et al. suggest that patients with the Val allele (Val/Val) showed better motor outcomes at 1 month and 3 months compared to carriers of the Met allele [7] .
Several studies have investigated the potential for serum BDNF to serve as a biomarker for a variety of disorders, including traumatic brain injury [8] and dementia [9] . Increasing interest has grown to examine the association of BDNF for functional outcome after stroke. Low serum BDNF levels were found to be associated with a poor long-term functional outcome at 2 years and 7 years after ischemic stroke [10] . However, the predictive value of BDNF for short-term outcome after stroke is controversial. In Stanne's study, serum BDNF was not associated with short-term outcome at 3 months; on the contrary, Wang et al. [11] report that low serum BDNF was significantly associated with poor functional outcome at 3 months post-stroke. Furthermore, no studies have investigated the association of serum BDNF level with functional recovery during the post-acute rehabilitation phase, which is a very important phase of recovery. The aim of this study was to investigate the relationship among serum BDNF, FA, and motor function in stroke patients after post-acute rehabilitation.
Methods

Study Participants
The study was approved by the Institutional Review Board (IRB). Patients admitted to an acute inpatient rehabilitation facility from March 2014 to June 2015 were screened using the following inclusion and exclusion criteria: (1) older than 18 years of age, (2) stroke confirmed by computed tomography (CT) of the head or/and brain magnetic resonance imaging (MRI) scan, (3) length of hospital stay greater than 1 week, and (4) peripheral blood serum sample collected and stored on admission. Three hundred forty-eight subjects were included in the analysis. The following demographic and clinical data were extracted from medical records: age, sex, marital status, body mass index (BMI), blood urea nitrogen (BUN) and creatinine, hematocrit, stroke type and side, length of hospital stay, stroke risk factors (hypertension, atrial fibrillation, coronary artery disease, diabetes mellitus, current smoker), admission and discharge functional independence measure (FIM), and discharge destination.
Outcome Measures
The primary outcome measure of this study is the FIM motor subscore at discharge. The secondary outcome measures include FIM total score at discharge, FIM motor subscore on admission, length of hospital stay, and discharge destination. The FIM is a widely used scale that measures the functional abilities of people undergoing rehabilitation. The FIM scale is an 18-item ordinal scale, and each item's score ranges from 1 to 7, with 1 (total assistance) being the lowest possible score and 7 (complete independence) being the highest possible score. There are 13 items in the FIM motor subscale: eating, grooming, bathing, dressing-upper body, dressing-lower body, toileting, bladder management, bowel management, bed/chair/wheelchair transfer, toilet transfer, tub/shower transfer, walk/wheelchair, and stairs. There are 5 items in the FIM cognitive subscale: comprehension, expression, social interaction, problem solving, and memory. Participants were divided into two groups of high and low FIM scores using the median as the cutoff.
Serum BDNF Level Measurement
Serum was obtained as part of clinical care, including tests for basic metabolic profiles. The excessive serum was stored at − 80°C within 4 h of blood drawn. All subjects had serum obtained on admission, and 79 subjects had serum obtained on week 3 after admission. Serum levels of BDNF were measured by enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Inc., USA). Coefficients of variation (CV) of intra-and inter-assay precision of BDNF were calculated for quality control purposes (92% and 95%, respectively).
MRI Data Acquisition
MRI imaging data was retrospectively collected using the Research Patient Data Registry as described in our previous publication [12] . Imaging data was processed using the Research Patient Data Registry online query tool and mi2b2 Workbench software (mi2b2 Client for RPDR; Partners HealthCare) [13] . To reduce variation caused by imaging protocols, MRI images from a single Skyra 3T scanner from Massachusetts General Hospital were selected. 
Neuroimaging Analysis
DTI data processing and region of interest (ROI) analysis were made according to the literature [14] [15] [16] [17] [18] . Details of the neuroimaging analyses have been described in our previous publication [12] . Briefly, FA maps were created using the Functional MRI of the Brain (FMRIB) Software Library (V5.0.6, Oxford, UK). The white matter skeleton was generated by feeding all individuals' FA maps into tract-based spatial statistics analysis. The mean values of FA were calculated within the area of interest (ROI) placed on the bilateral corticospinal tract (CST) based on the John Hopkins University White Matter Tractography atlas.
Statistical Analysis
All statistical analyses were performed using IBM SPSS Statistics version 21.0 (International Business Machines Corp., New York). Student t tests were used to compare the mean between the low and high FIM motor scores on admission. A chi-square test was used to assess the clinical categorical measures of gender, ethnicity, race, marital status, hypertension, atrial fibrillation, coronary artery disease, diabetes mellitus, current smoker, stroke type, stroke side, stroke site, and discharge destination. Pearson correlation was used to study the relationship between BDNF levels on admission and continuous variables including age, length of hospital stay, body mass index (BMI), prior stroke history, interval between serum BDNF measurement from onset of stroke, BUN, CREAT, HCT, FIM motor subscore at admission, FIM cognitive subscore at admission, and total FIM score at admission. Values of continuous variables were expressed as mean ± standard deviations (SD). Nonparametric correlations such as Spearman's rho were used to analyze those with abnormal distribution. The sensitivity and specificity of serum BDNF levels on admission to predict motor recovery were calculated with receiver operating characteristic (ROC) analysis. The gain of motor function was assessed according to the Montebello Rehabilitation Factor Score (MRFS), which was calculated using the following formula: MRFS Motor = ΔMotor FIM/ (Maximum Motor FIM − Motor FIM Admission ).
Results
Clinical Characteristics
During March 2014 to June 2015, consecutive stroke subjects were screened, and a total of 348 were included in the analysis (mean age 67.7 ± 15.2 years, 43.7% women). The study design is outlined in Fig. 1 . Subjects were divided into two groups: low and high FIM motor subscores on admission using a median of FIM motor subscore on admission as the cutoff (hereafter referred to as low and high FIM motor groups). Demographic and clinical characteristics of subjects are reported in Table 1 . There were significant differences in length of hospital stay and discharge destination between the low and high FIM motor groups. Fifty-eight percent of patients with low FIM motor scores on admission were discharged to a skilled nursing facility (SNF), whereas 83% patients with high FIM motor scores on admission were discharged to home (Table 1) .
Serum BDNF Level and Functional Outcomes
It has been shown that the rate of hospitalization after ischemic stroke increased in young people (aged less than 45 years) [19] . Studies reported that serum BDNF level negatively correlated with age [20] . In this study, serum BDNF levels of subjects who were less than 45 years old were 15% higher than those who were more than 45 years old (P < 0.05, 95% CI of difference is 0.786-6.014; Fig. 2a ).
There was no significant difference between the interval of serum BDNF from admission between the two groups (low vs. high FIM motor groups) (P = 0.076). Serum BDNF level was statistically significantly different between the low and high FIM motor groups (P = 0.001) with low effect size. Serum BDNF level in the high FIM motor group was 12% higher than that in the low FIM motor group (Fig. 2b) . Serum BDNF level was statistically but not clinically correlated with FIM motor subscore on admission (r = 0.173, P = 0.001), FIM total score on discharge (r = 0.155, P = 0.004), gain of FIM motor subscore (r = 0.131, P = 0.014), and FIM motor score on admission (r = 0.162, P = 0.002) ( Table 2 , Fig. 3 ). Subjects who were discharged home had significantly higher serum BDNF levels (22.5 ± 6.90) on admission than those discharged to a SNF (20.7 ± 7.13) (P = 0.027, 95% CI of difference is 0.202-3.288). In addition, serum BDNF level significantly decreased (P = 0.000, n = 79, 95% CI of difference is 1.682-3.903) from week 1 (21.15 ± 6.43) to week 3 (18.36 ± 6.74) (Fig. 4) . Using logistical regression, high serum BDNF was associated with the high FIM motor group on admission (odds ratio 1.391, 95% CI 1.112-1.741, P = 0.004) and on discharge (odds ratio 1.256, 95% CI 1.008-1.565, P = 0.042) after controlling for age and marital status. Each one standard deviation increment in BDNF was associated with a 0.203 standard deviation increment in FIM motor score on discharge (t = 3.859, P = 0.000).
The ROC curve of serum BDNF level for predicting motor recovery is shown in Fig. 5 . The AUC was 0.581 (standard error = 0.063, 95% CI = 0.509 to 0.629). Derived from this curve, the best cutoff point was found to be 20.7 ng/ml. At this cutoff point, the sensitivity is 51.7%, and the specificity is 62.3%.
Correlation Between Serum BDNF and FA in CST
In this cohort, we selected subjects with DTI available based on the imaging selection criteria (described in the methods section). Twenty-one subjects were included, with 10 in the high FIM motor group and 11 in the low FIM motor group. Serum BDNF correlated with FA of left side CST in the high FIM motor group (r = 0.609, P = 0.031), but not in the low FIM motor group (r = − 0.132, P = 0.349) ( Table 3 ).
Discussion
The results of our study suggest that serum BDNF alone provides the minimum predictive level for motor functional outcome during post-acute rehabilitation. Interestingly, serum BDNF might correlate with FA in stroke patients.
BDNF as Biomarker for Stroke Recovery
There are more than 30 clinical measurements to evaluate motor recovery after stroke. However, these clinical measures assess mostly functional outcomes including those gained through compensatory strategies, but may not reflect neurobiological processes. In order to achieve targeted treatment in terms of precision medicine, identification of stroke-related Fig. 2 Comparison of serum BDNF levels in patients with a different ages and b different FIM motor scores on admission. The BDNF level in younger stroke survivors was significantly higher than that in the older stroke survivors. The high FIM motor group had statistically higher BDNF level than the low FIM motor group with small effect size (12%) (*P < 0.050) biomarkers plays an important role in investigating the pathological mechanism and determining the treatment method for individual stroke patients. Compared to computed tomography (CT) and magnetic resonance imaging (MRI) scans, serum biomarkers may provide an easy, low-cost approach to assess the mechanism of recovery and responsiveness to treatment. To date, however, researchers have not yet found reliable serum biomarkers for prognosis assessment and informing patient management in the post-acute stroke phase. The correlation of BDNF and cerebral plasticity has become an interesting research area in stroke recovery [21] [22] [23] . BDNF could promote differentiation, growth, and proliferation of neural cells. The increase of BDNF expression after stroke may prevent neuronal death and reduce infarct volume. BDNF could also increase the function of microglia to reduce stroke-induced excitotoxicity [24, 25] . In addition, BDNF enhances the local anti-inflammatory effect by upregulating the expression of IL-10 and downregulating TNF-α [26] . Therefore, understanding the relationship between serum BDNF and neuroplasticity after stroke is important in Fig. 3 Correlation between serum BDNF level on admission and FIM outcomes in all samples. Serum BDNF level was statistically but not clinically correlated with FIM motor on admission and discharge, FIM total on discharge, gain of FIM motor scores, and FIM total scores Fig. 4 Comparison of serum BDNF levels at week 1 and week 3 (*P < 0.050). Seventy-nine subjects had serum available for BDNF measurement from both week 1 and week 3 after admission to rehabilitation hospital. Paired t test was utilized to compare the difference of BDNF at the two time points formulating individualized treatment or functional rehabilitation strategies for stroke patients who would be responsive to BDNF modulation.
Low serum BDNF was found to be associated with poor long-term outcome after stroke [10] . However, the relationship of serum BDNF with short-term outcome is controversial; one study reported a correlation of low BDNF with poor outcome at 3 months [11] , whereas another study found no correlation [10] . With a large sample size, results from our study suggest that BDNF is statistically but not clinically significantly associated with motor functional outcome during post-acute rehabilitation. The discrepancy of the results may come from possible different genetic backgrounds and different overall standard treatments that subjects received.
Blood BDNF Level and Brain BDNF Level
Many studies suggest that serum BDNF levels reflect the BDNF level in the brain. BDNF levels in serum and brain were similar during postnatal development, and there was a positive correlation between BDNF levels in serum and the frontal cortex of rats [27] . Circulating BDNF by intravenous injection crossed the blood-brain barrier (BBB) of healthy mice in a large capacity via the saturable transport system [28] . A study reported a positive correlation between the BDNF concentration of whole blood and the hippocampus of rats, and between the BDNF concentration of plasma and the hippocampus in pigs [29] . However, there are a few studies that suggest that serum BDNF may not be associated with brain BDNF level. One study reported that plasma BDNF did not increase after stroke in rodents, suggesting that circulating BDNF levels may not mirror brain BDNF levels in this rodent stroke model [30] . Nevertheless, serum BDNF level has become an interesting target for diagnosis, prognosis, and treatment evaluation of various diseases of the central nervous system (CNS) [31, 32] .
Serum BDNF Stability
Several studies have investigated the stability of serum BDNF at different storage conditions and over a period of time. One study showed that the level of serum BDNF stored at 4°C or 25°C for 0, 1, 2, 4, 6, 24, or 48 h after blood draw remained the same [33] . In addition, serum BDNF stored at − 80°C was stable for at least 6 months according to one study [34] and for 1 year by another study [35] . Several large cohort studies used serum stored at − 80°C for many years to investigate the association between serum BDNF with long-term outcome [36, 37] . In this study, we did not have serum samples from healthy subjects as a control to show the stability of BDNF over time. However, based on the well-documented stability of serum BDNF stored at − 80°C, it is reasonable to speculate that variation in the storage duration of samples would not likely generate a significant variation in the measured level of BDNF.
Serum BDNF Level and FA of CST DTI, transcranial magnetic stimulation (TMS), functional magnetic resonance imaging (fMRI), and conventional structural MRI (sMRI) have been investigated as neurological biomarkers for post-stroke recovery [38] . FA value is widely used as a DTI metric to measure white matter integrity [39] . FA value is associated with myelin integrity, nerve fibers' compactness, and alignment consistency of white matter [40] . A higher FA value is associated with better nerve-conductive ability [41] . The severity of white matter injury is an important factor for a patient's outcome. One of the interesting areas of white matter injury is the neuroplasticity of the corticospinal tract (CST). Many findings suggest that CST might be involved in the functional reorganization of cortical and subcortical lesions that are important to patients' motor functional recovery [42] [43] [44] . BDNF has been suggested to play an important role in white matter neuroplasticity [2, 3] . The relationship between BDNF and FA was suggested by finding that BDNF Val66Met polymorphism affects FA values in healthy subjects [7] . Dalby et al. [45] reported that BDNF level was associated with FA in prefrontal normal-appearing white matter in a small group of patients (n = 22) with late-onset depression. However, to the best of our knowledge, no previous study has explored the relationship between serum BDNF and FA in patients with stroke. The results from this study, limited by sample, suggest that serum BDNF might be correlated with FA value in CST in the high motor function group but not in the low motor function group. Our finding is consistent with that of previous publications that BDNF might be correlated with FA. However, the clinical significance still needs to be further explored with larger sample size and longitudinal studies.
Furthermore, in this study, DTI was collected within 5 days of onset of stroke. The predictive value of FA at acute phase for functional outcome is still controversial. Several studies suggest that FA at subacute [46] or chronic phase [47] has good predictive value for chronic functional outcome. Puig et al. [47] found that FA at 30 days, but not < 12 h or 3 days post-stroke, was an independent predictor of motor outcome. Doughty et al. reported subtle reduction of FA of CST near the lesion within 80 h after stroke, but without significant predictive value to motor outcome. Spampinato et al. [48] reported that MRI including diffusional kurtosis imaging within 4 days after stroke onset may have potential value in prediction of motor impairment. Our previous publication suggests that FA within 5 days of stroke onset may correlate with motor function at discharge after post-acute rehabilitation [12] . In this study, the observed positive correlation between BDFN and FA in the good motor group suggests that a positive feedback loop between BDNF and FA may favor stroke recovery; however, the mechanism is not clear.
Strengths and Limitations
This study explored the association between serum BDNF and functional outcomes after post-acute rehabilitation.
One of the strengths of this study is the large sample size. The results show a statistically but not clinically significant correlation between BDNF and functional outcome during the early rehabilitation phase. Further studies are warranted to identify the subgroup of subjects who may have a strong correlation between BDNF and functional outcome. This study has several limitations. In this study, serum was collected after admission to inpatient rehabilitation hospital. It would be meaningful to investigate the longitudinal changes of BDNF from acute phase to chronic phase and the correlations with functional outcomes. In addition, this dataset does not have BDNF polymorphism data. The correlation between BDNF polymorphism and serum BDNF level as well as functional outcome over time is important to evaluate the utilization of BDNF polymorphism and serum BDNF in the prediction of stroke recovery. In addition, this study is the first to investigate the relationship between serum BDNF and FA in post-acute stroke patients. However, the imaging data have the limitation of a small sample size. The results from imaging data would need to be confirmed with a larger study. In this study, DTI was collected in clinical scanners as part of initial acute stroke management. To reduce the variation caused by imaging protocols, we used stringent inclusion criteria such as the same scanner from the same hospital and the same acquisition parameters (as described in the BMethods^section). However, further study using high-quality imaging data would be warranted to confirm the findings.
In summary, results from this study suggest that serum BDNF alone has minimally predictive value for functional outcomes during post-acute stroke rehabilitation, and serum BDNF might be correlated with FA in CST in the high motor recovery group.
